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The purpose of this report i s  to present the results of the postflight 

analysis of the Ascent Propulsion System (ADS) performance during the Apollo 

14 Mission. I t  i s  a supplement t o  the Apollo 14 Mission Report. 

o f  the APS steady-state performance under actual f l i gh t  environmental 

Determination 

conditions was the primary objective of the analysis. 

a r e  such information as i s  required to provide a comprehensive description 

Included i n  the repcrt 

of APS perforinance during the Apollo 14 Nission. 

Major additions and changes t o  results as presented in the mission 

report (Reference 1 )  are l i s ted  below: 

1) 

2)  

Calculated performance values for the APS Lunar Liftoff b u r n .  

Discussion o f  analysis techniques, problems and assumptions. 

3)  Comparison o f  postfl ight analysis and preflight prediction. 

4) Reaction Control Systems (RCS)  duty cycle included in APS 

Performance analysis. 

5) Transient performance analysis. 

6) Revised estimates of propellant consumption. 
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2. SUMMARY 

The duty cycle for the LM-8 APS consisted of two f i r ings ,  an ascent 

stage l i f t o f f  from the lunar surface and the Terminal Phase Ini t ia t ion (TPI) 

b u r n .  

satisfactory. 

however, a l l  indications were t h a t  the burn  was nominal. 

APS performance for the f i r s t  f i r ing  was evaluated and found t o  be 

No propulsion d a t a  were received from the second APS burn ;  

Engine ignition for the APS lunar  l i f t o f f  burn  occurred a t  an Apollo 

elapsed time (AET)  o f  141 :45:40.0 (hours:minutes:seconds). Total b u r n  dura-  

t i o n  was 432.1 seconds. 

Average steady-state engine performance parameters for  the b u r n  are 

as  follows: 

Thrust - 3461 lbf .c 

Isp - 309.7 sec 

Mixture Ratio - 1.598 

All performance parameters were well within their  expected 3-sigma l imits .  

Calculated engine t h r o a t  erosion a t  engine cutoff for  LM-8 APS was 

approximately 2 percent greater than predicted. 
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The Apollo 14 Mission was the seventh f l i gh t ,  and the s ixth manned f l i g h t ,  

of the Lunar Module ( L M ) .  

1 unar 1 andi ng . 
The mission accomplished the third successful 

Launch from Kennedy Space Center (KSC) occurred a t  4:03 p.m. Eastern 

The  launch phase was normal with S tanda rd  Time (EST) on 31 January 1971. 

the exception of a delay (Q 40 minutes) due to weather. 

o rb i t  inser t ion,  the S-IVB stage was restarted and performed the Translunar 

Injection (TLI) maneuver a t  approximately 2-1/2 hours Apollo Elapsed Time 

( A E T ) .  CSM-LM docking occurred a t  approximately 5 hours AET. Separation 

o f  the docked vehicles from the S-IVB was accomplished 50 minutes l a t e r .  

Two midcourse correction burns were performed by the Service Propulsion 

System [SPS) d u r i n g  the t ranslunar  phase o f  the mission. 

Following earth 

The Lunar Orbi t  

Insertion (LOI-I) and Descent Orbit Insertion (DOI) maneuvers were also 

performed u s i n g  the SPS. The LOI-1 burn  was conducted a t  approximately 

82 hours AET and the DO1 b w n  occurred approximately 4 hours l a t e r .  The 

Descent Propulsion System; (DPS) duty cycle consistd a f  m e  f i r i n g ;  the 

Povxred Descent Ini t ia t ion (PDI) b 9 m .  Engine ignition time for the PDI 

burn was approximately 108 hours AET. 

(hours:minutes:seconds) AET. 

Lunar Land ing  occurred a t  108:15:09 

Ascent Propulsion System (APS) ignition time 

f o r  lunar l i f t o f f  was 141:45:40.0 AET w i t h  engine cutoff being comnanded 

a t  147:52:52.1 AET for  an APS burn duration o f  432.1 seconds. The 4-second 

teririinal phase i n i t i a t i o n  (TPI) maneuver began a t  142:30:51.1 a n d  was 

performed for  the f i r s t  time by the APS (previously performed by the LM R C S ) .  

CSM-LM docking was accoinpl ished a t  approximately 143-1/2 hows AET. After 

crew and equipcent tr$.nsfet- had been effected, the LM was js t t isoned.  Exact 
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associated velocity changes are shown in Table 1. 

After a separation maneuver us ing  the SM RCS, the LM was maneuvered 

w i t h  i t s  RCS so as t o  impact on the lunar surface. 

a t  approximately 147-3/4 hours A E T ,  terminating APS telemetry d a t a .  

Lunar impact occurred 

The Apollo 14 LM-8 APS was equipped w i t h  Rocketdyne Engine S/N 0006C. 

APS engine performance characterization equations used in preflight 

I analyses and as a basis for  the postfl ight analysis are focnd i n  Reference 

2. 

arc from Reference 3. 

system are presented i n  Table 2. 

Engine acceptance t e s t  data used i n  the determination of performance 

~ 

Physi,cal characterist ics of the engsne and feed 
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Analys is  Technique 

Determinat ion of APS steady-state perfonnance dur ing  the  lunar  o r b i t  

i n s e r t i o n  burn was t h e  p r  mary o b j e c t i v e  o f  the  LM-8 p o s t f l i g h t  analys is .  

The i n s e r t i o n  burn d u r a t i o n  was 432.1 seconds, engine on t o  engine o f f  

command. I n  a d d i t i o n  t o  the  o r b i t a l  i n s e r t i o n  maneuver the APS was used 

t o  perform the  Terminal Phase I n i t i a t i o n  (TPI)  burn. 

TPI was approximately 3.6 seconds. 

a r e  a v a i l a b l e  from the TPI burn s ince t h e  spacecra f t  was behind t h e  moon. 

Burn d u r a t i o n  f o r  

No propu ls ion  system te lemetry  data 

The APS p o s t f l i g h t  ana lys is  was conducted us ing  the  Apo l lo  Propuls ion 

Analys is  Program (PAP) as t h e  pr imary computational t o o l .  

t h e  Ascent Propuls ion Subsystem Mix tu re  R a t i o  Program (MRAPS) was used 

i n  an i t e r a t i v e  technique w i t h  PAP t o  determine t h e  v e h i c l e  p r o p e l l a n t  

m i x t u r e  r a t i o .  PAP u t i l i z e s  a minimum var iance technique t o  e s t a b l i s h  

t h e  "best"  c o r r e l a t i o n  between an engine c h a r a c t e r i z a t i o n  model, der ived  

f rom ground t e s t  data,  and se lected f l i g h t  measurements. 

embodies e r r o r  models f o r  the  var ious f l i g h t  and ground t e s t  data t h a t  

a r e  used as program i n p u t s  and combines these w i t h  t h e  e m p i r i c a l l y  der ived  

engine c h a r a c t e r i z a t i o n  equations. 

program r e s u l t  i n  est imat ions o f  system performance h i s t o r y  and weights 

which "best," i n  a minimum var iance sense, r e c o n c i l e  the  a v a i l a b l e  data.  

The MRAPS Program i s  based on the f a c t  t h a t  as APS p r o p e l l a n t s  a r e  consumed 

the  X and Y coordinates o f  t h e  v e h i c l e  center  o f  g r a v i t y  ( C . G . )  s h i f t .  

The movement o f  t h e  v e h i c l e  C . G .  r e s u l t s  i n  a change i n  t h e  torque about 

t h e  Z-axis from the APS engine t h r u s t .  

t h r u s t e r s .  

balance equat ion and t h e  X C.G. i s  computed f rom the  X C.G. o f  the  i n e r t  

5 

Addi t iona l  l y  , 

The program 

Successive i t e r a t i o n s  through t h e  

This  torque i s  balanced by the RCS 

The Y C.G. i s  located by s o l v i n g  the  APS-RCS torque 



vehicle and the propellant remaining. 

position of the Y C.G. i s  used t o  determine an estimate of APS mixture 

ra t io  and an i te ra t ive  technique i s  used t o  converge on a f inal  value of 

APS mixture ratio.  

the operation of the MRAPS program and the underlying theory which i t  i m -  

plements. 

The slope of the l ine p l o t t i n g  the 

Reference 4 presents a more detailed explanation of 

An i n i t i a l  estimate of the ascent stage weight a t  lunar l i f t o f f  of 

10780 lbm was obtained from Reference 5 .  

( to ta l  spacecraft weight less APS propellants) was considered t o  be 

constant th roughou t  the run, except for a 0.03 lbm/sec overboard flowrate 

which accounts for ablative nozzle erosion. 

Ascent stage damp weight 

RCS propellant usage and thrust histories were obtained from an 

analysis of the RCS bi-level measurements. All RCS consumption d u r i n g  

the ascent burn  was from the APS tanks. Table 3 presents a summary of 

propellant usage, including RCS consumption, from the APS tanks d u r i n g  

the ascent burn.  Propellant densities used i n  the program were based on 

equations from Reference 6 ,  adjusted by measured density da ta  for the 

LM-8 f l i gh t  given i n  the Spacecraft Operational Data Book ( S O D B ) ,  Reference 7 .  

Oxidizer and fuel temperatures were taken from f l i g h t  measurement d a t a  and 

were 69.8OF and 69.5OF, respectively. 

t o  be constant t h r o u g h o u t  the segment of b u r n  analyzed. 

f l i g h t  measurement da ta  were used i n  the analysis of the LM-8 APS burn :  

engine chamber pressure, engine interface pressures, vehicle thrust  

acceleration, propellant t ank  bulk temperatures, he1 i u m  regulator out le t  

pressures, engine on-off comnands , he1 i um tank pressure measurements, and 

RCS thruster solenoid bi-level measurements. Measurement numbers and other 

data pertinent t o  the above measurements, w i t h  the exception o f  RCS bi-levels, 

These temperatures were considered 

The following 
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in the appendix t o  this report .  

Flight Data Analysis and Results 

A 390-second segment of the APS lunar l i f t o f f  burn was selected t o  

be analyzed for the purpose of detemi n i  ng s teady-s t a t e  performance. 

The segment of the burn  analyzed begins a t  141:46:00.0 AET, 20.0 seconds 

af ter  ignition, and  ends a t  141.52:30.0 AET, 22.1 seconds prior t o  cutoff. 

The periods immediately following ignition and immediately prior t o  engine 

cutoff are  not included in order t o  minimize any errors resulting from 

data f i l t e r ing  spans which included the s t a r t  and  shutdown transients.  

engine propellant consumption during the burn  i s  presented in Table 3. 

Propellant consumption from engine on command t o  the s t a r t  of the steady- 

s t a t e  analysis segment and from the end of the steady-state analysis t o  

the beginning of chamber pressure decay was extrapolated from steady-state 

analysis resul ts .  

APS 

The primary engine performance determinations made d u r i n g  the LM-8 

postfl ight analysis are as follow. All average values are over the 390- 

second period of steady-state analysis. 

1 )  

2 )  

3) Average APS thrust was 3461 lbf.  

4) 

Average APS specific impulse was 309.7 seconds. 

Average APS mixture ra t io  was determined t o  be 1.598 

Engine throat erosion was 2% greater t h a n  predicted a t  

400 seconds from ignition. 

An extrapolation of the APS steady-state analysis t o  include the 

en t i re  b u r n ,  with the exception o f  ignition and shutdown transients,  

resulted in an average specific impulse, thrust, and mixture ra t io  of 

the same value as  the 390 second burn  segment. LM-8 APS performance 
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was s l ight ly  less t h a n  predicted with average engine specific impulse being 

less  than the predicted average value by 0.6 second. 

The general solution approach used in the LM-8 f l i gh t  evaluation was 

t o  calculate a vehicle w e i g h t  (including propellant loads) for  the beginning 

of the segment of burn used t o  analyze steady-state performance and then 

allow the Apollo Propulsion Analysis Program t o  vary t h i s  weight and other 

selected performance parameters ( s t a t e  variables) in order t o  achieve an  

acceptable d a t a  match. 

discussed APS engine characterization model driven by engine interface 

pressures. 

f i l t e red  w i t h  a sliding arc  f i l t e r  and then, because of excessive dis tor t ion,  

these d a t a  were further smoothed using a f i f t h  degree curve f i t .  

The PAP simulations were made using the previously 

Raw f l i gh t  interface pressure measurement d a t a  were f i r s t  

Simulation of RCS activity was accomplished by calculating individual 

thruster ''on'' time from the RCS accumulated 'Ion" time da ta  and using this  

t o  determine an impulse imparted t o  the vehicle i n  the direction of the 

APS engine thrust vector. 

thrust  over a discrete time interval (10 seconds). 

for  the same intervals were calculated as a percentage of a nominal con- 

sumption o f  0.36 lbm/sec. 

alent t o  the value of the effective thrust  as a percentage o f  a 100 lbf  

nominal thrust. RCS propellant consumption was verified by comparing the 

integrated value obtained from the method described above with the total  

consumpti on determined by mu1 t i  plying total  system "on" time by the nominal 

0.36 lbm/sec flowrate. 

overboard t o  account for consumption of RCS engines i n  a plane perpendicular 

t o  the thrust vector of the APS engine. 

d a t a  were characterized w i t h  f i f t h  degree curve f i t s ,  as functions of time, 

This impulse was then converted t o  an effective 

RCS propellant flowrates 

The percentage of nominal consumption i s  equiv- 

A small adjustment was made t o  propellant mass 

The resulting thrust  and flowrate 
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general  g i v e  .the ca lcu la ted  instantaneous t h r u s t  and f lowra tes  f o r  the  

RCS t h r u s t e r s  due t o  the method o f  c a l c u l a t i o n  and v a r i a t i o n s  i n  t h r u s t  

l e v e l s  f o r  vary ing  engine pulse durat ions,  b u t  over t h e  t o t a l  t ime per iod  

evaluated they w i  11 s a t i s f a c t o r i l y  approximate the  t o t a  impulse and mass 

change. 

c a l c u l a t e d  data) were excessive, minor adjustments were made t o  t h e  RCS 

t h r u s t  and f l o w r a t e  curve f i t s  t o  reduce the  res idua ls .  

A t  d i s c r e t e  t ime p o i n t s  when t h e  RCS r e s i d u a l s  (curve f i t  minus 

I n i t i a l  PAP s imu la t ion  r e s u l t s  based on t h e  i n p u t  data o u t l i n e d  

above were n o t  acceptable i n  t h a t  the r e s i d u a l s  (d i f fe rences  between the 

f i l t e r e d  f l i g h t  data and the  program c a l c u l a t e d  values) i n d i c a t e d  t ime 

c o r r e l a t e d  e r r o r s .  

i n d i c a t i n g  t h a t  an increase i n  calcu ated a c c e l e r a t i o n  w i t h  f l i g h t  t ime 

was r q u i r e d  t o  minimize the residua e r r o r .  Th is  e f f e c t  may be gained 

by i n c r e a s i n g  engine f lowrates and/or inc reas ing  engine t h r u s t  on a t ime 

bas is .  

i n  combination w i t h  t h e  need f o r  an increase i n  c a l c u l a t e d  accelerat ion,  

i n d i c a t e d  t h a t  a g rea ter  than pred ic ted  t h r o a t  e ros ion  r a t e  was necessary. 

A r e v i s e d  t h r o a t  e ros ion  curve was c a l c u l a t e d  us ing the  p a r t i a l  d e r i v a t i v e s  

o f  t h r o a t  area w i t h  respect  t o  acce le ra t ion  a t  ten-second i n t e r v a l s  

throughout t h e  run. The r e v i s i o n  o f  t h e  t h r o a t  area curve inc luded 

i n c r e a s i n g  t h e  i n i t i a l  value t o  16.45 in2,  about 0.7 percent  l a r g e r  than 

the p r e f l i g h t  value. 

curve i n  t h e  ana lys is  program r e s u l t e d  i n  an e x c e l l e n t  a c c e l e r a t i o n  match 

w i t h  a near zero mean and no s i g n i f i c a n t  slope. 

curve was 2 percent  g rea ter  than pred ic ted  a t  approximately 400 seconds 

a f t e r  i g n i t i o n .  

The acce le ra t ion  r e s i d u a l s  had a p o s i t i v e  s lope 

The chamber pressure res idua ls  had a negat ive s lope which, 

The i n c l u s i o n  o f  t h i s  c a l c u l a t e d  t h r o a t  area 

The der ived  t h r o a t  e ros ion  

F igure 1 shows the c a l c u l a t e d  t h r o a t  area curve i n  com- 
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parison wi th  the predicted curve f o r  

The chamber pressure match resu 

culated th roa t  area curve was no t  as 

The r e s u l t i n g  residual  sloped upward 

seconds o f  the burn and then leveled 

LM-8. 

t i n g  from the inc lus ion  o f  the c a l -  

good as might have been expected. 

fo r  approximately the f i r s  t 260 

o f f  f o r  the remainder o f  the burn. 

However, the shape e r r o r  i n  the residual  was one tha t  has been i n  evidence 

i n  past APS analyses; i .e . ,  the residual  curve sloped upward f o r  approxi- 

mately 200 seconds f o l  lowing i gni ti on then 1 eve1 ed o f f  f o r  the remai nder 

o f  the  burn. 

a thermally induced d r i f t  on the chamber pressure measurement. 

f o r  LM-8 was assumed t o  be .0017 psi,/sec f o r  the f i r s t  260 seconds o f  the burn 

and approximately z e r o  thereafter.  

l a t e d  value o f  the chamber pressure measurement. 

It has been hypothesized t h a t  t h i s  e r r o r  i s  the r e s u l t  o f  

The d r i f t  

This adjusttrent was appl ied t o  the calcu- 

Addi t ional ly ,  the 

chamber pressure measurement was determined to  be biased by - .4 'ps i  based 

on measurement data p r i o r  t o  i g n i t i o n .  The residual  match seen i n  Figure 

3 incorporates both the bias and the d r i f t  mentioned above. 

A f t e r  an acceptable PAP s imulat ion had been made the resu l ts  o f  the 

MRAPS program were incorporated. 

biases o f  - . I  ps i  for  ox id izer  and .5 ps i  f o r  fue l  i n  order t o  achieve a 

match w i t h  the input  MRAPS derived vehic le mixture r a t i o  o f  1.602. 

f i n a l  in te r face  pressure biases determined by t h i s  method were 

-.2 p s i  f o r  ox id izer  and fuel,  respect ively.  Other parameters, spec i f ic  

impulse, th rus t  and t o t a l  propel lant  consumed, remained essent ia l l y  constant 

between the PAP run wi thout  the MRAPS resu l ts  and the run inc lud ing  those 

resu l ts .  

since other measurements included i n  the s imulat ion are dependent on only 

t o t a l  f lowrate. I t  should be noted t h a t  the vehic le mixture r a t i o  determined 

PAP made changes i n  the in te r face  pressure 

The 

.5 ps i  and 

It would be expected t h a t  PAP would match the MRAPS mixture r a t i o  

'As a convention i n  t h i s  report ,  a negative bias ind icates t h a t  measured 
data was reading less than i t s  t rue  value. 
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on t h e  MRAPS *der ived value o f  mixture r a t i o .  

MRAPS program r e s u l t s  are f .048 u n i t s  (Reference 4 ) .  

The 3 sigma l i m i t s  on the  

The p r i n c i p a l  i n d i c a t o r  of the accuracy o f  the p o s t f l i g h t  recon- 

s t r u c t i o n  i s  t h e  matching of ca lcu la ted  and measured acce le ra t ion  data. 

A measure o f  the q u a l i t y  of the  match i s  g iven by the  res idua l  s lope and 

i n t e r c e p t  data as shown i n  F igure 2. 

on t h e  ord ina te ,  and slope o f  a l i n e a r  f i t  t o  the  res idua l  data. 

c l o s e r  both these numbers are t o  zero, the  more accurate i s  t h e  match. 

The a c c e l e r a t i o n  match achieved w i t h  the  LM-8 p o s t f l i g h t  recons t ruc t ion  

i s  e x c e l l e n t .  The LM-8 f l i g h t  recons t ruc t ion  was by a l l  i n d i c a t i o n s  an 

accurate s i m u l a t i o n  o f  ac tua l  f l i g h t  performance. 

These data represent  the  i n t e r c e p t ,  

The 

The t o t a l  p r o p e l l a n t  res idua ls  a t  engine c u t o f f  s i g n a l  of the  i n -  

s e r t i o n  burn from the  r e s u l t s  of the above data ana lys is  were 201 lbm 

o x i d i z e r  and 125 lbm fue l .  Based on these r e s i d u a l  p rope l lan ts ,  the  

remaining burn t i m e  c a p a b i l i t y  o f  t h e  ascent stage a t  APS f i r s t  burn 

engine c u t o f f  was approximately 28.5 seconds. 

A v e h i c l e  damp weight reduct ion o f  20 lbm was determined from the  PAP 

recons t ruc t ion .  The bes t  est imate of t o t a l  ascent stage weight a t  l i f t o f f  

i s  10,760 lbm. 

Figures 2 through 9 show t h e  p r i n c i p a l  performance parameters 

associated w i t h  t h e  LM-8 p o s t f l i g h t  ana lys is .  

were used as t i m e  vary ing i n p u t  t o  t h e  Propuls ion Analysis Program. 

o f  these measurements, f u e l  and o x i d i z e r  i n t e r f a c e  pressure, were used 

as program d r i v e r s .  The o t h e r  two, a c c e l e r a t i o n  and chamber pressure, 

were compared t o  c a l c u l a t e d  values by t h e  program's minimum var iance 

technique. 

Four f l i g h t  measurements 

Two 

The acce le ra t ion  and chamber pressure measurements along w i t h  
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t h e i r  res idua ls  a re  presented i n  Figures 2 and 3, respec t i ve l y .  F igures 4 

a c t e r i z a t i o n  which u t i l i z e d  data obta ined du r ing  engine and i n j e c t o r  
~ 

and 5 conta in  o x i d i z e r  and f u e l  i n t e r f a c e  pressure nieasurement da ta  as 

they appeared a f t e r  smoothing o f  the  raw data, t he  curve f i t s  o f  these 

data t h a t  were u l t i m a t e l y  i n p u t  t o  the  Apo l lo  Propuls ion Analys is  Program, 

and the  res idua ls  between the  two data sets .  Ca lcu la ted  s teady-state 

values f o r  the f o l l o w i n g  parameters a re  shown i n  Figures 6-9: 

s p e c i f i c  impulse , o x i d i z e r  f lowra te  and f u e l  f l owra te .  

t h r u s t ,  

Comparison w i t h  P r e f l i g h t  Performance P r e d i c t i o n  

Pred ic ted  performance o f  the  LM-8 APS i s  presented i n  Reference 8 .  

The i n t e n t i o n  o f  the p r e f l i g h t  performance p r e d i c t i o n  was t o  s imulate 

APS performance under f l  i ght  envi ronmental cond i t i ons  f o r  t he  M i  s s i  on H3 

duty  cyc le .  No attempt was made i n  the  p r e f l i g h t  p r e d i c t i o n  t o  s imu la te  

RCS operat ion.  

Table 5 presents a summary o f  ac tua l  and p red ic ted  APS performance 

Measurement data compare q u i t e  c l o s e l y  w i t h  the  du r ing  the  ascent burn. 

reconst ructed parameters. 

p o s t f l i g h t  recons t ruc t i on  i s  s l i g h t l y  l ess  than had been p red ic ted  b u t  i s  

s t i l l  w e l l  w i t h i n  the  3-sigma l i m i t s  o f  t 3 .5  seconds presented i n  Reference 

8. Comparisons o f  p red ic ted  and recons t ruc ted  values f o r  s p e c i f i c  impulse , 

Engine s p e c i f i c  impulse determined by the  

t h r u s t ,  and mix tu re  r a t i o  a re  presented i n  F igure 10 along w i t h  r e l a t e d  

3-sigma d ispers ions.  The v a r i a t i o n s  i n  f l i g h t  s p e c i f i c  impulse, t h r u s t  

and m ix tu re  r a t i o  were w i t h i n  t h e i r  respec t i ve  3-sigma d ispers ions .  

Engine Performance a t  Standard I n t e r f a c e  Condi t ions 

Expected APS engine f l i g h t  performance was based on an engine char- 
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to  be separghed from variations induced by feed system, pressurization 

system, and propellant temperature variations, the acceptance t e s t  data 

are adjusted t o  a s e t  of standard interface conditions, thereby providing 

a comnon basis for  comparison. 

fol l  ows : 

Standard interface conditions are as 

Oxidizer interface pressure, psia 170. 

Fuel interface pressure, psia 170. 

Oxidizer i nterface temperature, O F  70. 

Fuel interface temperature, O F  70. 

Oxidizer density, lbm/ft' 90.21 

Fuel densi ty  , 1 bm/ft3 

Thrust acceleration, 1 bf/l bm 

Throat area, in 2 

56.39 

1 .  

16.47 

Analysis resul ts  (a t  13 seconds from ignition) for  the ascent burn  

corrected t o  standard interface conditions and compared to acceptance t e s t  

values are shown below: 

Acceptance Test F1 i g h t  Analysis % 
Data Results Difference 

Thrust, lbf 3502. 3495. - . 2  

310.3 309.8 - .2  Speci f i  c Impulse , 
Propellant Mixture Ratio 1.604 1.604 0 

1 bf-sec 
bm 

Reduction of engine performance t o  standard interface conditions and com- 

parison w i t h  acceptance t e s t  values shows good agreement with the largest  

difference being in the engine specific impulse. 

within two standard devi a t i  ons of acceptance t e s t  Val ues . 
All differences are 
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It should be noted t h a t  due t o  the  l i m i t e d  number o f  f l i g h t  measure- 

ments a v a i l a b l e  f o r  use i n  determin ing APS propu ls ion  system performance, 

i t  i s  n o t  poss ib le  t o  independently determine engine and/or feed system 

res i s tance  v a r i a t i o n s .  

i t  would not be poss ib le  t o  determine i f  the  s h i f t  were a t t r i b u t a b l e  t o  

the  engine o r  feed system alone o r  was a r e s u l t  o f  t he  n t e r a c t i o n  o f  the 

two. It i s  apparent, there fore ,  t h a t  t he  adjustment o f  feed system data 

t o  standard engine i n l e t  cond i t ions  could conceivably mask ac tua l  engine 

per tu rba t ions .  

As an example, g iven a system m x t u r e  r a t i o  s h i f t ,  

14 



He1 i um U t i  1 i z a t i o n  

The hel ium storage tanks were loaded t o  a nominal 13.2 lbm. There 

was no i n d i c a t i o n  of leakage f r o m t h e  hel ium b o t t l e s  dur ing  the miss ion 

and c a l c u l a t e d  usage agrees w e l l  w i t h  a n a l y t i c a l  p red ic t i ons .  

Helium B o t t l e  Pressure P r i o r  t o  I g n i t i o n  

During APS p r o p e l l a n t  tank p ressu r i za t i on  a s h i f t  was noted i n  two 

o f  t h e  he1 i um b o t t l e  pressure measurements ; GPO041 and GP0042. 

the f i r i n g  o f  squib valves 1 and 2, GPO041 and GPO042 were reading 100-160 

p s i  l e s s  than the o ther  two hel ium b o t t l e  pressure measurements, GPO001 and 

GP0002. These pressure d i f fe rences  remained e s s e n t i a l l y  constant up t o  and 

F o l l  owing 

fo l l ow ing  i g n i t i o n .  

i n d i  ca t ion ,  o t h e r  than the  measurement s h i f t  , o f  system abnormal i ty  , i t was 

concluded t h a t  measurements GPO041 and GPO042 had been a f f e c t e d  by the  

f i r i n g  o f  t h e  squib valves and t h a t  t he  magnitude o f  t h e i r  readings was 

erroneous. 

Since t h e r e  was no APS performance degradation and no 

He1 i um Requl a t o r  Performance 

No o s c i l l a t i o n s  were noted i n  e i t h e r  he l ium r e g u l a t o r  o u t l e t  pressure 

measurement. O s c i l l a t i o n s  o f  6-19 p s i  have been noted i n  previous f l i g h t  

data. 

t h a t  magnitude were noted du r ing  p r e f l i g h t  checkout o f  the APS Class I 

secondary he1 i um regu la to r .  

Also, o s c i l l a t i o n s  o f  a s i m i l a r  na ture  and approximately tw ice  

The hel ium r e g u l a t o r  o u t l e t  pressure measurements i n d i c a t e d  pressures 

of approximately 1-2 p s i  l e s s  than the  p r e f l i g h t  p red ic ted  pressure o f  

184 p s i .  I n t e r f a c e  pressure data r e f l e c t  t he  reduced r e g u l a t o r  o u t l e t  

pressure. The hel ium r e g u l a t o r  o u t l e t  pressure was w i t h i n  the  Class I 
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pr imary  con t ro l  band throughout t h e  APS l u n a r  l i f t o f f  burn. 

U l lage Pressure Decay During Coast 

Decay o f  the  propel  l a n t  tank u l l  age pressures i s  observed i n d i r e c t l y  

through the f u e l  and o x i d i z e r  i n t e r f a c e  pressures which a t  launch were 

158 and 131 ps ia ,  respec t i ve l y .  A t  approximately 62 hours AET, these 

pressures had, as expected, decayed t o  148 and 111 ps ia ,  respec t i ve l y .  

Th is  pressure drop i s  a t t r i b u t e d  t o  absorp t ion  o f  he l ium i n t o  the  p r o p e l l a n t  . 
P r e - i g n i t i o n  p ressu r i za t i on  of the  p r o p e l l a n t  tank u l l ages  was evidenced by 

the  increase i n  both i n t e r f a c e  pressures t o  a value o f  approximately 186 

p s i a  a t  141:27 hours AET. 

U l lage Pressure Between APS F i r s t  and Second Burn 

During t h e  l una r  o r b i t  f o l l o w i n g  APS c u t o f f ,  both i n t e r f a c e  pressures 

q u i c k l y  increased from t h e i  r respec t ive  f low pressures t o  1 ock-up pressure , 

and then cont inued t o  increase by a t o t a l  o f  about 16 p s i  on the  o x i d i z e r  

s ide  and about 6 ps i  on the  f u e l  s ide.  Approximately twenty minutes a f t e r  

shutdown, w i t h  the  i n t e r f a c e  pressures a t  196 p s i  f o r  o x i d i z e r  and 189 ps i  

f o r  f u e l ,  loss o f  s igna l  occurred as the  veh ic le  went behind the moon. 

P red ic ted  i n t e r f a c e  pressures f o r  the  pe r iod  j u s t  p r i o r  t o  the  second burn 

i g n i t i o n  were 195 p s i  f o r  the  o x i d i z e r  s ide  and 190 ps i  f o r  the  fue l  s ide.  

Second burn i g n i t i o n  occurred approximately e ighteen minutes a f t e r  l o s s  o f  

s i g n a l .  

o x i d i z e r  and 183 ps i  f o r  f u e l .  

same l e v e l  a t  docking and rose t o  197 p s i  and 184 ps i ,  f o r  o x i d i z e r  and f u e l ,  

respec t i ve l y ,  p r i o r  t o  LM/CSM f i n a l  separat ion,  

A t  r e a c q u i s i t i o n  o f  s igna l ,  i n t e r f a c e  pressures were 190 p s i  f o r  

The pressures were a t  approximately t h a t  
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APS p r o p e l l a n t  loads for  t h e  LM-8 Mission were 3218.2 lbm o f  o x i d i z e r  

and 2007.0 lbm of fuel. Of these amounts 35.9 lbm of  o x i d i z e r  and 16.0 lbm 

of fuel a r e  considered t o  be unusable (except  f o r  d e p l e t i o n  burns)  o r  con- 

sumed dur ing  t r a n s i e n t  engine opera t ion .  The amounts o f  nominally d e l i v e r -  

a b l e  p r o p e l l a n t s  are ,  t h e r e f o r e ,  3182.3 lbm and 1991.0 lbm f o r  o x i d i z e r  

and fuel, r e s p e c t i v e l y .  

loading  showed an ox id ize r  d e n s i t y  o f  1.4812 gm/cc a t  4OC and 14.7 p s i a  

and a fuel d e n s i t y  of 0.8998 gm/cc a t  25°C and 14.7 p s i a .  

P rope l l an t  d e n s i t y  samples taken a t  the time of  

S ince  a l l  RCS p r o p e l l a n t  usage was from the RCS tanks  p r i o r  t o  luna r  

l i f t o f f ,  the APS p r o p e l l a n t  loads  a t  APS i g n i t i o n  were 3218.2 lbm of  oxi-  

d i z e r  and 2007.0 lbm of f u e l .  All RCS consumption dur ing  the a s c e n t  burn 

was through the APS/RCS in t e rconnec t .  

t anks  i s  presented  i n  Table 3. 

burn was 2970 lbm, o x i d i z e r  and 1860,1bm, fuel. Total  RCS consumption 

du r ing  the APS f irst  burn was 71 lbm. 

mated 26 lbm of o x i d i z e r  and 16 lbm of f u e l .  A t o t a l  of 175 lbm of 

o x i d i z e r  and 108 lbm of fuel remained onboard a t  APS second burn c u t o f f .  

Total  prope l a n t  usage from the APS 

The APS consumptio du r ing  the l u n a r  l i f t o f f  
I 

The TPI maneuver consumed an es t i -  
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7. ENGINE TRANSIENT ANALYSIS 

An analys is  of t he  s t a r t  and shutdown t r a n s i e n t s  was performed 

p r i m a r i l y  t o  determine the  t r a n s i e n t  t o t a l  impulse. 

are t races  o f  engine chamber pressure, GP2010, dur ing  s t a r t  and shutdown 

o f  t he  l u n a r  l i f t o f f  burn, respec t i ve l y .  

TP I burn. 

Figures 11 and 12 

No data were a v a i l a b l e  from the  

The t i m e  f rom i g n i t i o n  s igna l  t o  90 percent  s teady-state t h r u s t  

was 0.365 seconds, w e l l  w i t h i n  the s p e c i f i c a t i o n  l i m i t  f o r  unprimed s t a r t s  

o f  0.450 seconds. To ta l  s t a r t  t r a n s i e n t  impulse was 18 l b f - sec .  The 

chamber pressure overshoot exceeded the upper 1 i m i  t o f  the  measurement 

range (150 ps ia) ,  however, there were no i n d i c a t i o n s  o f  rough combustion 

o r  o ther  abnormal performance. 

To ta l  impulse from engine c u t o f f  s igna l  t o  10 percent  t h r u s t  was 

372 lb f - sec .  Time from c u t o f f  s igna l  t o  10 percent  t h r u s t  was 0.23 seconds 

which i s  w i t h i n  the rev i sed  s p e c i f i c a t i o n  1 i m i  t o f  0.500 seconds (Reference 

9). 
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The LM-8 APS f l i g h t  recons t ruc t ion  showed t h e  APS performance t o  be 

s a t i s f a c t o r y .  

were noted. 

No mal funct ions o r  anomalies w i t h  impact on fu tu re  f l i g h t s  

P o s t f l i g h t  analyses o f  LM-3, LM-4, LM-5 and LM-6 i n d i c a t e d  t h a t  engine 

performance p r e d i c t i o n s  might  be somewhat conservat ive i n  t h a t  p r e d i c t e d  

s p e c i f i c  impulse was l e s s  than t h e  reconst ructed value f o r  a l l  o f  these 

f l i g h t s .  

s p e c i f i c  impulse i s  . 5  seconds grea ter  than the  average reconst ructed 

s p e c i f i c  impulse a t  standard i n t e r f a c e  cond i t ions .  

a s t a t i s t i c a l  study which inc ludes the  r e s u l t s  o f  a l l  APS p o s t f l i g h t  

analyses. 

s i g n i f i c a n t  s p e c i f i c  impulse b i a s  associated w i t h  APS p o s t f l i g h t  r e s u l t s .  

Th is  conclus ion w i l l  be v e r i f i e d  f o r  succeeding f l i g h t s  by expanding the 

data s e t  t o  i n c l u d e  r e s u l t s  o f  subsequent analyses. 

The LM-8 p o s t f l i g h t  i s  an except ion s ince the pred ic ted  average 

Reference 10 d e t a i l s  

The r e s u l t s  of  t h i s  study show t h a t  there  i s  no s t a t i s t i c a l l y  
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- 

Igni t l o n  Engine Cutoff Bum Time  Velocity (1) 
Bum Hr:Min:Sec AET Hr:Min:Sec AET Seconds Change f t / s e c  

141:52:52:1 432.1 6066.1 Lunar L i f t o f f  

r p I  142: 30:51.1 142: 30:54.7 3.6 88.5 
141: 45 : 40.0 

I I 

(1) Reference 1 
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TABLE 2. LM-8/APS ENGINE AND FEED SYSTEM PHYSICAL CHARACTERISTICS 

Engine No. 

I n j e c t o r  No. 

I n i t i a l  Chamber Throat Area ( i n  ) 

Nozzle E x i t  Area ( i n  ) 

2 

2 

Rocketdyne S/N 0006C 

Rocketdyne S/N 409771 5 

1 6.336 (4 

749.073 

I n i t i a l  Expansion Rat io 45.854 

I n j e c t o r  Resistance ( lb f -sec / lbm-ft )@ 
2 5 

t ime zero and 70°F 

12586. Oxi d i  zer 

Fuel 20342. 

Feed System 

Total  Volume (Pressurized, Check Valves 
t o  engine i n t e r f a c e ) ( f t  3 ) (2 )  

Oxi d i  zer 

Fuel 

Resistance, Tank Bottom t o  Engine I n t e r -  

36.89 

37 .OO 

2 5 (3) face ( lb f -sec / l bm- f t  ) a t  70°F 

Oxi d i  zer 2580.48 

Fuel 41 02.56 

Rocketdyne Log Book, "Acceptance Test Data Package f o r  Rocket Engine 
Assembly-Ascent LM-Part No. RS000580-001-00, Seri a1 No. 0006 ,I' 
3 February 1969. 

NASA Memorandum EP23-46-69, "Propel 1 ant Load Parameters f o r  the DPS 
and APS o f  LM-5 Through LM-9 and the Estimated Parameters f o r  LM-10 
and Subsequent ,'I from EP/Chi e f  , Propul s i  on and Power D i  v i  s i  on t o  
PD/Chief , Sys tems Engi neer i  ng D i  v i  s i  on. 
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( 3 )  GAC Memorandum LMO-271-844, "A/S Hydraulic Resistance LM 7 ,  8 ,  9 , "  
W .  Salter, 6 December 1969. 

( 4 )  The initial  throat area determined f r o m  postflight reconstruction was 
16.45 in2. 
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TABLE 3. PROPELLANT CONSUMPTION FROM APS TANKS 

Loaded - lbm 

Consumed During Lunar Liftoff 
Burn - lbm 

APS 

RCS 

Total Propellant Remaining - lbm 

Consumed During T P I  Burn - 
lbm 

AP S 

Total Propellant Remaining - lbm 

24 

O x i  di zer 

3218.2 

2970.1 

47.0 

201.1 

26.2 
~~ ~ 

174.9 

Fue 1 
-~ 

2007.0 

1859.9 

23.5 

123.6 

15.8 

107.8 



Me as uremeni 
Number 

GP201 OP 

GP1503P 

GP1501 P 

GPOO25P 

GPO01 8P 

GP7 21 8T 

GPO71 8T 

GH126OX 

GPOOOlP 

GPOOO2P 

GPOO41P 

GPO042 P 

CGOOOl X* 

Descr ip t ion  

Pressure, Thrust Chamber 

Pressure Engine Oxid izer  I n t e r -  
face 

Pressure , Engine Fuel I n t e r f a c e  

Pressure, Regulator O u t l e t  Mani- 
f o l d  

Pressure, Regulator O u t l e t  Mani- 
f o l d  

Temperature Oxid izer  Tank Bul k 

Temperature, Fuel Tank Bulk 

Ascent Engine On/Off 

Pressure, Helium Supply Tank 
No. 1 

Pressure, He1 i um Supply Tank 
No. 2 

Pressure, Helium Supply Tank 
No. 1 

Pressure , He1 i um Supply Tank 
No. 2 

PGNS Downlink Data 

Acce le ra t ion  determined from PIPA data 

Ran qe 

0-150 ps ia  

0-250 p s i a  

0-250 p s i a  

0-300 p s i a  

0-300 p s i a  

20-1 30°F 

20-1 30°F 

Off-on 

0-4000 

0-4000 

0-4000 

0-4000 

D i g i t a l  Code 

Sample Rate 
Samp 1 e/se c 

200 

1 

1 

1 

1 

1 

1 

50 

1 

1 

10 

10 

50 
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APPENDIX 
FLIGHT DATA 

F i g u r e  

A- 1 

A- 2 

A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 

A-10 

A-1 1 

AP T h r u s t  Chamber Pressure (GP2C -PCM 

APS O x i d i z e r  I s o l a t i o n  Valve I n l e t  Pressure (GP1503P-PCM) 

APS Fuel  I s o l a t i o n  Valve I n l e t  Pressure (GP1501P-PCM) 

APS Fuel  Tank Bulk  Temperature (GP0718T-PCM) 

APS Oxi d i  z e r  Tank Bul  k Temperature (GP1218T-PCM) 

APS Hel ium Supply Tank No. 2 Pressure (GP0042P-PCM) 

APS Hel ium Supply Tank No. 1 Pressure (GP0041P-PCM) 

APS Hel ium Supply Tank No. 2 Pressure (GP0002P-PCM) 

APS Hel ium Supply Tank No. 1 Pressure (GP0001P-PCM) 

APS Regu la to r  Out M a n i f o l d  Pressure (GP0025P-PCM) 

APS Regu la to r  Out M a n i f o l d  Pressure (GP0018P-PCM) 
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